I. Introduction
1 a well-known high-performance laser material. It is generally used in the form of single crystals grown by the Czochralski method. However, as this method of growth is extremely slow and as it is difficult to homogeneously dope the YAG with more than 1.4 at.% of Nd, recent advances toward the use of polycrystalline Nd:YAG ceramics have been made, notably by Ikesue and colleagues. [2] [3] [4] Significant contributions on synthesis and processing have also been made by Ueda and colleagues [5] [6] [7] and Lupei and colleagues. 8, 9 Besides a higher optical homogeneity, the major advantages of the ceramic route would be a lower cost and higher production rate as well as much more freedom in shape-even composite structures can be produced as shown by Ikesue and Aung, 4 which may lead to significant improvements in laser performance and quality.
L'huillier et al. 10 have shown that it is possible to grow monocrystalline Nd:YAG containing 2 at.% of Nd, and even higher concentrations of 2.5 at.% have been reported by the use of special growth techniques such as thermal-gradient growth. 9 Ceramic materials on the other hand can be doped with up to 8 at.% of Nd (Konoshima Chemicals Co. Ltd., Osaka, Japan); however, the exact location of these dopants is not fully known as the resolution of measurement by fluorescence life-time as reported by L'huillier et al.
11 is limited to 50 mm. Segregation from the bulk toward the interfaces is likely to occur due to the difference in ionic size between Nd (0.995 Å ) and Y (0.900 Å ), the Nd being substituted on Y sites in the YAG structure. We have previously studied segregation behavior to surfaces in YAG by computational techniques, 12 and it was found that Nd segregates to YAG surfaces quite significantly, resulting in surface to bulk dopant concentration ratios of up to 1300.
An important phenomenon occurring in Nd:YAG lasers is concentration quenching, which means that with increasing Nd concentration the spacing between Nd ions decreases and crossrelaxation between the dopant ions reduces the emission lifetime of the luminescent Nd ions. This effect decreases the laser power and has been measured by Deb et al., 13 Merkle et al., 14 and Dong et al., 15 and modeled by Huang et al. 16 As there may be local variations in concentration due to segregation in polycrystalline ceramic lasers, localized concentration quenching may occur.
The laser performance of single crystals and ceramics has been compared by Lupei et al. 8 and it has been found that ceramic lasers can, under carefully chosen pumping conditions, yield the same performances as single crystals. Further advances in the field of polycrystalline Nd:YAG lasers may be achieved by knowledge-based microstructure control, the target values of grain size and dopant concentration with predicted degree of segregation may be provided by simulations. In a previous publication, 12 we reported our results on surface segregation that would be expected to occur in a doped Nd:YAG powder before sintering or to free surfaces during sintering. In the present publication this approach is taken a step further, where we carry out a more detailed study of surfaces as well as segregation to mirror twin grain boundaries, which can serve as a basis for the quest of optimizing Nd:YAG ceramic laser materials.
II. Computational Method
The computer code METADISE 17 was used for the creation and subsequent energy minimization of all structures in this article. A detailed description can be found in our previous article 12 and only a short summary is given here, pointing out differences and additions to the previous methodology. The basic data for the simulation is the crystallographic unit cell of YAG, which was taken from the Rietveld refined neutron diffraction data recorded at 10 K published by Rodic et al., 18 and an interatomic potential set published by Lewis and Catlow, 19 previously applied with success to a large range of garnets. 20 This potential describes the interatomic forces between a pair of ions by a combination of long-range coulombic forces as well as a Buckingham potential for the short-range interaction. In order to model the polarizability of the oxygen ion, a coreshell model as first described by Dick and Overhauser 21 has been used.
A comparison of experimental bulk properties 18, [22] [23] [24] with those predicted by the potential model is given in Table I . As it can be seen, the structural parameters of the lattice are very well reproduced, whereas the mechanical and dielectric properties show higher deviations. This means that the current potentials are well suited to investigate atomic structures. However, dielectric properties calculated based on the current potentials should be interpreted with care, the potentials should be refined, or first principle methods be applied for optical property calculations. A very important property of the employed potential set is that it describes under-coordinated environments reasonably well, without leading to unphysical relaxations. 25 Many authors [26] [27] [28] [29] [30] have applied it to bulk, surfaces, and interfaces of different materials and found it to qualitatively reproduce the structures as well as quantitative properties such as interfacial energies, illustrating its suitability for the study of surfaces and grain boundaries.
Experimental data published by Cherepanova et al. 31 and Roberts and Elwell 32 suggest that the (110) and (112) surfaces are dominant in the morphology of YAG crystals. In addition, the (100) and (111) surfaces were studied as low-index surfaces are likely to have low interfacial energies. Surfaces can be cleaved at different depths perpendicular to a direction defining the surface normal. Depending on the position of this cleaving plane, different atoms will be exposed at the surface. Some of these so-called surface terminations or cuts will present a dipole moment perpendicular to the surface, which makes them physically unstable because the applied periodic boundary conditions would result in an infinite dipole. For the four aforementioned surface planes, all surface terminations without a dipole moment were constructed resulting in five, six, seven, and three possible terminations for the four directions, respectively. In the following, the terminations will be designated by consecutive numbers-''(111) cut 4'' meaning for example to the fourth cut perpendicular to the [111] surface normal direction. All interfaces were described using the two-region model. This model splits the crystal into two parts, an interface region where the ions are free to relax to their equilibrium position and a bulk region where they are held fixed, as shown in Fig. 1(a) . All surfaces were allowed to relax to their minimum energy configuration.
Grain boundary structures were constructed by mirroring the unrelaxed surface, which results in two interface regions as well as two bulk regions sitting back to back as shown in Fig. 1(b) . A gap of 2 Å was introduced between the two half-crystals by shifting the top half upwards. The top crystal was then displaced as a whole rigid block with respect to the lower one in the two dimensions of the interface plane. Steps of 0.5 Å were first applied in one of the two directions until a line was finished then making a step of 0.5 Å in the other direction to scan the next line. At each point the structure was allowed to relax until the energy converged, permitting a rigid displacement of the whole upper half-crystal in the direction normal to the interface plane. This allows the gap introduced between the two half-crystals to either close when favorable interactions between top and bottom crystal exist, resulting in a lowering of the energy or open when like-charge repulsion dominates, which increases the energy. The relaxed energy related to the relative positioning of the two half-crystals can thus be monitored on a grid in the two dimensions of the interface plane. The grid point representing the overall minimum energy on this energy surface was assumed to be the grain boundary configuration.
It should be noted that this method of grain boundary construction introduces certain simplifications. Firstly, only mirror images of the exact same surface are joined to form a grain boundary, whereas two different surfaces or even terminations with a dipole could result in a lower energy. Secondly, grain boundary faceting is not explicitly taken into account in this method of construction. During relaxation of the structures, the position and shape of the boundary plane may change freely; however, the energy barriers associated with an important structural change such as grain boundary faceting are most likely too high to overcome. Despite these points, the present choice is seen as a reasonable decision with respect to the grain boundary types looked at as otherwise the computational effort and the complexity of the problem would be overwhelming.
In a previous study, 12 the segregation was studied only on the lowest energy surface termination along each crystallographic direction. However, in this study, as the segregation calculations are computationally cheap compared with the determination of the grain boundary rigid shift, the segregation was studied to all possible surface terminations as well as their respective mirror twin boundaries.
When inserting a single dopant ion into the interface structure, the energy of this incorporation can be compared with the incorporation into the infinite and otherwise perfect bulk crystal. This change in energy represents the driving force for a dopant to migrate from the bulk to the interface, also known as the enthalpy of segregation, which is given by
In this equation, DH interface dopant;i and DH bulk dopant are the energies of incorporating a dopant on a certain site i at the interface and in the bulk, respectively. The incorporation at the interface can be expressed as a function of the lattice energies DH interface doped;i and DH interface undoped of the structure with and without a dopant on site i, respectively, which are calculated based on the interatomic potentials. The difference in enthalpy for the incorporation in the bulk DH bulk dopant is also calculated from the interatomic potentials using the Mott-Littleton approach 33 implemented in the GULP 34 code, which describes dopant ions in the bulk at infinite dilution.
The next step is the insertion of multiple dopant ions into the interface structure. The number of possible different configurations when inserting up to n dopant ions onto n host sites in a crystal is 2 n . As the number of atoms and thus possible incorporation sites increase with the interface area of the periodic cell, The lattice constants are the ones determined by Rodic et al. 18 at 10 K, the elastic constants have been measured at 300 K by Stoddart et al., 22 the dielectric constant is the one reported by Tomiki et al. 23 for room temperature, and the refractive index was measured by Bond 24 at room temperature for a wavelength of 1 mm.
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Surface and Mirror Twin Grain Boundary Segregation in Nd:YAGn can easily reach values of 30 and more for the larger (111) and (112) interfaces calculated. As relaxation of all these permutations clearly is computationally too expensive, a method not requiring the explicit relaxation of the energy for every configuration had to be found. Such a method should serve to sample all the configurations, select the ones that are likely to have a low energy and relax the energy only for those, discarding the higher energy ones. It was therefore assumed that the probability of a certain arrangement of dopant ions on host sites is given as a function of the enthalpies of segregation as shown in the following equation:
This equation is one of the standard equations for transition probabilities in the Monte Carlo method, which is here multiplied over all occupied sites in the configuration. Also omitted is the dividing factor kT usually found in this equation as the result looked for in this particular case is not a physical transition probability at a certain temperature but only an indication of the likeliness of a certain configuration on an arbitrary scale.
This allows the configurations to be sorted by descending probability and to explicitly minimize the energy uniquely for the most probable ones for each number of dopants at the interface. The method is based on the hypothesis that sites do not interact, which is not true at higher dopant concentrations. To resolve this ambiguity, it was shown that for a test set of surfaces the minimal energy structure was always within the first 10 configurations when sorted according to the above method. Therefore, the top 15 configurations for each dopant configuration in every structure were computed, reducing the computational cost from 2 n to 15n calculations. The coverage dependent enthalpy of segregation (Eq. (3)), as introduced by Mackrodt and Tasker 35 is an adaption of Eq. (1) for multidopant configurations. This difference in enthalpy gives the driving force for segregation of the nth dopant ion from the bulk to the interface. It was evaluated by considering the lowest energies for each number of dopants n as determined by the aforementioned approach.
is the calculated lattice energy of the interface structure containing n dopant ions, H
Another interesting property is the change in enthalpy associated with the dissolution of a dopant ion originating from its stable oxide into the host crystal. Considering the reaction given in Eq. (4)
where H YO1:5 and H NdO1:5 are the lattice enthalpies of the pure oxides per cation in the bulk and H interface undoped and H interface n as before the calculated lattice energies of the undoped and doped interface, respectively. The new interfacial energy can then be approximated by Eq. (6).
where g undoped is the interface energy of the undoped interface, n the number of dopants, and A the interface area.
III. Results and Discussion

(1) Interfacial Energies
We have calculated the undoped as well as the Nd-doped structure for surfaces and mirror twin grain boundaries in YAG. The respective interfacial energies are given in Table II . Firstly, these results show that the (100) surface is the most stable followed by the (111), (110), and (112) surfaces, the latter two having similar surface energies. The equilibrium morphology of such a crystal as determined by a Wulff construction is given in Fig. 2(a) . This sequence of stable surfaces is retained for the doped case, the resulting equilibrium shape is given in Fig. 2(b) . The surface areas change only slightly as a result of doping: (100), 66.8%-61.2%; (110), 5.0%-6.8%; and (111), 28.2%-32.0%. It has to be noted that for the (110) surface a different cut becomes the lowest energy surface termination when doped, which would mean a shift of the surface plane. Another finding is that all surfaces can lower their surface energies by incorporating dopants. In our previous article we found the (112) surface to be the second most For the doped case the equilibrium concentration (as reported in Table III ) at minimum interfacial energy has been considered. stable surface. During the present work it was found that in the previous work, limited by the number of atoms the code could treat in the interface region, the too-shallow interface region depth resulted in an incomplete relaxation of the surface. The previous interface structure showed a small island of oxygen atoms sticking 0.2 Å out of the surface, whereas the current surface is atomically flat. In the current work, as the relaxation of the surface is less constrained, the result should be more reliable even as the surface energy increases from 1.94 to 2.36 J/m 2 . This fact also results in the disappearance of the (112) face from the equilibrium morphology.
For the undoped grain boundaries, the (110) mirror twin boundary has by far the lowest interfacial energy, followed by the (112), (111), and (100) mirror twins. When doped, the same cuts stay stable, the sequence of interfacial energy also being conserved. However, the (100) mirror twin approaches the interfacial energy of the (111) mirror twin. It can be seen that of the most stable grain boundaries only the (100) and (111) mirror twins reduce their interfacial energy by taking up dopants. Grain boundary structures for the most and the least stable (110) mirror twins, neither of which accepts dopants, are shown in Fig. 3 . Figure 4 shows the structures of the most and the least stable (112) mirror twins, where only the least stable accept dopants.
(2) Enthalpies of Segregation
The coverage-dependent values for the enthalpy of segregation are reported in Fig. 5 for the four investigated surfaces and their mirror twin boundaries. For clarity of presentation, only the most and the least stable cut of each face is shown, the rest being situated in between these two extremes. For the higher index surfaces, the concentrations investigated are lower, due to the higher surface area; however, even for the case of the (112) surface, the highest concentrations will never be attained in the experiment, as will be illustrated later during the discussion of the equilibrium interfacial energy. It can be seen that some surfaces and grain boundaries have extremely high enthalpies of segregation for the first dopant ion; however, for the second dopant ion the enthalpies of segregation lie in the same range as for the other terminations. The incorporation of the first dopant is thus extremely favorable at these interfaces. Another important result seen in Fig. 5 is the oscillatory nature of some of the curves. This indicates that the incorporation of a single dopant is less favorable than the incorporation of a pair, suggesting the formation of patterns or clusters at the interfaces. For some cases, the value of the curve becomes positive, before falling back into the negative range. This means that a certain configuration is highly unfavorable, supporting the idea of formation of patterns. This behavior indicates some sort of interaction between the dopant ions.
(3) Enthalpies of Solution and Interfacial Concentration
In Fig. 6 , the enthalpy of solution per dopant ion as a function of the interfacial concentration is shown, and the resulting interfacial energies are shown in Fig. 7 . For clarity, again only the most and the least stable cuts are shown, the rest being in between these two extreme cases. For the [100] direction, the least stable surface and grain boundary have a high affinity for the dopants as can be seen from the very exothermic enthalpy of solution at low coverages. This results in an important lowering of the surface energies, as can be seen from the initial decrease of the curves. This effect is a lot less important for the most stable (100) surfaces and grain boundaries. However, it does occur to some extent for all cuts resulting in a minimum of interfacial energy around 3-4 dopant ions/nm 2 . For the [110] direction a very exothermic solution behavior is observed only for the least stable surface, however very marked, resulting in a stabilization that brings the surface energy to a level comparable to the most stable termination for coverages of 1 Nd/nm 2 . It can be seen that the (110) grain boundaries are very stable in the undoped state, the incorporation of dopants increases the surface energy in every case, meaning that these grain boundaries should not accept any dopant ions. As seen for the enthalpy of segregation, the (111) surfaces and grain boundaries exhibit a very different behavior from the others. The surfaces and grain boundaries perpendicular to the [111] direction do not show an extreme exothermic enthalpy of solution for low coverages as all the others do. The most stable surface along this direction shows a very high capacity for dopant accommodation going up to 4 Nd/nm 2 . The (112) surface breaks with the systematic behavior of the highest energy surfaces or grain boundaries exhibiting the extremely exothermic enthalpy of solution. For the [112] direction, it is the most stable surface and the least stable grain boundary that show this behavior. No definitive explanation for the segregation behavior of this surface could be found from the atomic structure. Eventually, the size of the surface cell could have an influence as increasing the size reduces dopant-dopant interactions, which will be present even for low coverages for the smaller surface cells. The most stable (112) grain boundary, like the (110) boundary, does not accept any dopants at all. This illustrates that extremely low-energy boundaries, which have a very regular atomic structure do not easily accommodate dopants, which would lead to a disruption of this regularity and thus an increase in energy. Despite these irregularities, it can be stated that generally low-energy interfaces show limited or even no trend toward segregation.
Because the enthalpy of dissolution does not take into account the energy of the bulk/interface system, but the one associated with the exchange between the pure dopant oxide and ) and (c) the least stable boundary (cut 3) undoped and doped at its equilibrium concentration, respectively. Only the least-stable boundary accepts dopants. The dopants are shown oversized. Color code: red, oxygen; blue, aluminum; dark green, yttrium; light green, neodymium (180 mm Â 158 mm (300 Â 300 DPI)).
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Surface and Mirror Twin Grain Boundary Segregation in Nd:YAGthe interface, it is reasonable to assume that segregation is governed by the minimization of the interfacial energy, which will also minimize the one of the bulk/interface system. When the dopant concentration in the system is sufficient to provide dopant ions to all interfaces, it would be expected that the surfaces and grain boundaries show a dopant concentration equal to that of the minimum on the interfacial energy curve. At a lower dopant concentration in the system, the interfacial concentration will be lower and the minimization of the system's energy incomplete. It can be seen that in every case this equilibrium concentration is well below the maximum concentration calculated, showing that even for the large surfaces the calculated range of dopant concentration is sufficient. For these equilibrium dopant concentrations, the atomic structure has been analyzed and characteristics of the enriched zone extracted, which can be found in Table III . It can be seen that the enriched depth varies from 0 to 5 Å depending on the surface and the cut. All surfaces are covered to a certain degree, the fraction of yttrium sites occupied by the dopant ranging from 0.15 to a complete coverage of 1.0 in the enriched zone. There are some grain boundaries that do not accept any dopant ions and thus have a coverage of 0.0, others again accept full coverage in the enriched zone. Attempts at correlating the density of the enriched zone and the interfacial energy with the dopant accommodation capacity As the grain boundary segregation profiles are not symmetric, the depth in each of the two half-crystals is given.
Surface and Mirror Twin Grain Boundary Segregation in Nd:YAGhave not shown any clear trends as the scattering of values is too large. It can, however, be stated that it does not depend solely on these two factors but also on the bonding environment, which plays a critical role in determining the equilibrium concentration of Nd in YAG grain boundaries.
(4) Estimated Influence on Lasing Properties
The quenching effect due to segregation can be estimated by the following method. Dong et al. 15 have found a reduction of 49% in laser performance at 3 at.% Nd in single crystals due to concentration quenching. Considering a homogeneous dopant distribution in a perfect crystal, the nearest neighbor spacing at 3 at.% Nd can be calculated to be 1.3 nm. In the simulated surfaces the nearest neighbor spacing lies between 0.2 and 0.75 nm and between 0.39 and 0.73 nm for the grain boundaries, which corresponds to a local doping level of 18 at.% Nd and above. These values suggest a quenching significantly higher than the 49% reported by Dong for 3% Nd in single crystals. Therefore, the assumption can be made that much of the dopant ions segregated at interfaces will not contribute to the lasing effect.
With the data presented here only the estimations of segregation to isolated grain boundaries is possible. The interfacial energy and concentration data will however enable the construction of microstructural models, allowing the investigation of segregation in microstructures containing a population of interfaces and as a function of grain size. One problem that needs to be addressed is to estimate how representative special grain boundaries are for the ones found in real ceramic microstructures. Mirror twin boundaries are an easy to study model system in experimental bicrystal studies as well as simulations, approaching general grain boundaries as the interfacial area of the periodic cell, and thus their S value increases. However, even the larger (111) and (112) grain boundaries investigated here can probably not be considered as close to general. The relatively high number of calculated grain boundaries showing a large dispersion in interfacial energies should result in a certain degree generality when they all appear in the interface population of the microstructural model.
Another aspect that will need to be investigated is the effect of codoping with silicon, which is very often used as a sintering agent during experimental production of YAG ceramics. The tetravalent silicon ion will introduce charge-compensating defects in the structure, which if silicon is also preferentially found at interfaces could considerably influence the incorporation of Nd dopant ions at the interfaces.
IV. Conclusions
In the present paper, previous calculations on Nd:YAG surface segregation have been taken a step further, on one hand looking at more surface terminations for a particular crystallographic direction as well as applying the same approach to grain boundaries.
The (100) surface was found to have the lowest surface energy, followed by the (111), (110), and (112) surfaces for both doped and undoped cases. For the grain boundaries, the sequence of increasing interfacial energy is different, with the (110) mirror twin having an extremely low-interfacial energy followed by the (112), (111), and (100) mirror twin boundaries. It is shown that generally interfaces with a high interfacial energy show a higher trend for segregation. However, the (112) mirror twin boundary does not completely comply with this rule. Also, an open and less-dense atomic structure does not seem to be the only factor governing dopant incorporation at the surfaces. The bonding environment and thus the atomic structure are likely to play a crucial role as well, which needs further investigation using ab initio methods. It is shown that interfacial doping concentrations due to segregation are high enough to result in considerable local concentration quenching. Because of this fact, not all the segregated dopants are expected to contribute to the lasing effect.
The data developed will enable the construction of microstructural models allowing the study of segregation within a microstructure of variable grain size. This computational approach should ultimately lead to knowledge-based microstructure design.
